Abstract-In this letter, a four-layer transmitarray operating at 9.5 GHz is designed using a doublepetal loop element as the unit cell. A configuration of the double-petal loop elements is used to increase transmission phase variation while maintaining a wide transmission magnitude bandwidth of the unit cell, and a full transmission phase range of 360 • is achieved for a transmission magnitude equals to or better than −2.4 dB. Furthermore, the oblique performance of the unit cell is also good. Then, a primefocus 676-element microstrip transmitarray with the proposed element is fabricated and measured. The highest measured gain is about 22.15 dBi at 9.8 GHz, resulting in a 31% aperture efficiency. The antenna bandwidth of 10.2% (from 9.3 to 10.3 GHz) for 1-dB gain is achieved in this design.
INTRODUCTION
The microstrip transmitarray is rapidly used in both terrestrial and satellite communication systems because of its advantages such as high gain, low mass and volume, inexpensive manufacture, and no insertion loss of a phased array's feed network at millimeter wave frequencies [1] [2] [3] [4] . Due to the planar array of printed patch elements, the transmitarray avoids the fabrication complexity inherent in lens antenna. Furthermore, the feed can be placed directly in front of the aperture without incurring the blockage losses of a reflectarray configuration, which usually results in high aperture efficiency [5, 6] .
The two most important design criteria for a transmitarray element are its phase range and transmission magnitude. Firstly, in order for an element design to be suitable for a large array where there is possibly phase shifting range in the aperture fields, a phase tuning range of 360 • is required. Secondly, the transmission magnitude needs to be close to 1 (0 dB) to ensure a high aperture efficiency. Thus, the design process must involve both the transmission phase shift and magnitude of the element. In addition, the severe drawback of the microstrip transmitarray is its limited bandwidth performance, which is usually 7% or less, and intense efforts have been made in recent years to overcome this shortcoming [1, 4, 5, 7] and [8] . In this paper, we present a novel transmitarray operating at 9.5 GHz which uses a double-petal loop as the unit cell element and offers a wider bandwidth than previously achieved ones.
To date, in order to obtain a transmission phase range of 360 • , while maintaining the high value of the transmission magnitude, there are many different techniques to control the transmission coefficient of each unit cell in the array. One approach involves using multilayer frequency selective surfaces [1, 5, 6] and [9] . This approach is popularly used to control the transmission magnitude and phase of each element in the array individually by varying the element dimensions. In [1] , a four-layer double square ring transmitarray element, operating at 30 GHz, is designed to achieve the required transmission phase range of 360 • . A triple-layer transmitarray antenna is designed in [6] , which achieves high gain of 28.9 dB at 11.3 GHz and bandwidths of 9% for 1-dB gain. Another approach is receiver-transmitter designs [10] [11] [12] [13] . In this approach, a transmitarray antenna typically consists of two planar arrays of printed-type elements. One of the arrays acts as a receiver, and it is illuminated by the antenna feed source. The other array radiates into free space, and it acts as a transmitter. A coupling structure is designed between the two arrays to attain a specific phase and magnitude distribution. In [10] , a planar lens antenna based on aperture coupled microstrip patch elements with stripline delay lines is presented. It is worthwhile to point out that these techniques mostly use printed-type elements mounted on substrate materials. The third approach to control the element phase is to vary the effective substrate permittivity and permeability using metamaterial configuration [14, 15] .
A double-petal loop element is proposed in this letter to design a four-layer transmitarray antenna. The measured gain of the transmitarray prototype is 22.15 dBi at 9.5 GHz, and the aperture efficiency is 31%. The measured 1-dB gain bandwidth is 10.2%, which is considered broadband performance compared with the published designs in [1, [4] [5] [6] [7] [8] .
DOUBLE-PETAL LOOP TRANSMITARRAY ANTENNA DESIGN
A double-petal loop element shown in Figure 1 is simulated using Ansoft HFSS ver. 15. The phasing elements operate around resonance with unit cell periodicity of P = 15 mm ≈ 0.5λ. Here, λ stands for the free-space wavelength at the center frequency of 9.5 GHz. Periodic boundary conditions are introduced to take into account interactions with identical neighbor elements. The double-petal loop element is printed on a substrate with a relative permittivity of ε r = 2.65. The substrate is suspended above ground plane with a distance of h 1 = 8 mm, which is equal to λ/4. This configuration illustrates that a unit cell of four identical conductor layers, separated by quarter wavelength air gaps, can achieve a full transmission phase range of 360 • where the transmission magnitude is better than
To validate the proposed design and evaluate its magnitude and phase as well as bandwidth performances, a parametric study is carried out for variations of W and K. Figure 2 shows the transmission magnitude and phase versus the length L 1 at the center frequency of 9.5 GHz, which confirms the characteristic of 360 • transmission phase range with transmission magnitude better than −2.4 dB. Furthermore, a 300 • phase range is achieved with magnitude better than −1 dB. Figure 3 shows the influences of W on the transmission coefficient of the proposed unit cell at the center frequency of 9.5 GHz. It can be concluded that width W can have a great influence on both transmission magnitude and phase. When W is equal to 0.2 mm and 0.5 mm, the phase ranges are respectively 350 • and 360 • with magnitude better than −3 dB for the proposed structure. Furthermore, when W is equal to 0.3 mm, there are better linear transmission phase and magnitude for the proposed structure with L 1 varying from 5 to 10 mm. It can also make the design less sensitive to manufacturing error. Figure 4 presents the influences of the variation of K on the transmission coefficient of the proposed unit cell. It can be concluded from Figure 4 that factor K has significant influence on both the transmission magnitude and phase. When K is equal to 0.5 and 0.75, the operating ranges of the transmission magnitude and phase do not agree with each other. In the design of the element, a normally incident wave is assumed. Actually, the majority of the transmitarray cells are illuminated by oblique incidence waves. So it is worthy to present the performances of the double-petal loop element under oblique incidence waves. Figure 5 demonstrates the variations in the transmission magnitude and phase at different oblique incidence angles. For TM mode, with the increase of incidence angle θ, it can be noticed that the variations of both transmission magnitude and phase are acceptable. For TE mode, with the increase of incidence angle θ, there are small variations of the transmission magnitude and phase, except a bit descends at the element dimensions (8 mm < L 1 < 9 mm) with oblique incidence angle as high as θ = 30 • . Magnitude and phase response versus length L 1 for different frequencies (9.0-10.2 GHz) are also researched, and the results are shown in Figure 6 . It can be concluded that the proposed transmitarray element has a wide bandwidth.
According to the analysis of the proposed transmitarray element, it can be concluded that the element, consisting of double petal loops, can improve the bandwidth characteristics for a moderate size microstrip transmitarrays very well.
EXPERIMENTAL VALIDATION
In order to validate the effectiveness of the double-petal loop element, a prime-focus 676-element transmitarray is fabricated and measured. The transmitarray is fabricated on a 2 mm-thick dielectric substrate with ε r = 2.65 and tan δ = 0.02. The separation between substrate layers is H = 8 mm. Photographs are shown in Figure 7 . Both aperture size D and focal distance F of the array are 195 mm, thus the ratio of F/D is equal to 1. Figure 8 presents the measured radiation patterns of both co-polarization and cross-polarization in E-plane and H-plane at 9.5 GHz. It can be seen that the measured isolation between the two orthogonal polarizations is about 35 dB in the broadside direction. The peak gains against frequencies from 8.5 to 10.5 GHz are measured and shown in Figure 9 . The aperture efficiency is found to be 31% at 9.8 GHz. The beam widths difference between E-plane and H-plane is mainly due to the influence of the feed. It can be seen that the bandwidth, found from the obtained gain variation with frequency (1 dB drop is considered here), is about 10.2% (from 9.3 to 10.3 GHz), and the peak gain is about 22.15 dBi at 9.8 GHz.
CONCLUSION
This paper demonstrates a design of broadband transmitarray antenna by using a novel double-petal loop element as the unit cell element. The double-petal loop element achieves a 360 • transmission phase range with a transmission magnitude better than −2.4 dB. By using this type of element, a 676-element transmitarray operating at 9.5 GHz has achieved 1-dB gain bandwidth of 10.2% and good radiation pattern.
